The differential expression of microRNAs (miRNAs) in plasma of gastric cancer (GC) patients may serve as a diagnostic biomarker. A total of 33 miRNAs were identified through the initial screening phase (3 GC pools vs. 1 normal control (NC) pool) using quantitative reverse transcription polymerase chain reaction (qRT-PCR) based Exiqon panel (miRCURY-Ready-to-Use-PCR-Human-panel-I + II-V1.M). By qRT-PCR, these miRNAs were further assessed in training (30 GC VS. 30 NCs) and testing stages (71 GC VS. 61 NCs). We discovered a plasma miRNA signature including five up-regulated miRNAs (miR-185, miR-20a, miR-210, miR-25 and miR-92b), and this signature was evaluated to be a potential diagnostic marker of GC. The areas under the receiver operating characteristic curve of the signature were 0.86, 0.74 and 0.87 for the training, testing and the external validation stages (32 GC VS. 18 NCs), respectively. The five miRNAs were consistently dysregulated in GC tissues (n = 30). Moreover, miR-185 was decreased while miR-20a, miR-210 and miR-92b were increased in arterial plasma (n = 38). However, none of the miRNAs in the exosomes showed different expression between 10 GC patients and 10 NCs. In conclusion, we identified a five-miRNA signature in the peripheral plasma which could serve as a non-invasive biomarker in detection of GC.
Scientific RepoRts | 5:11251 | DOi: 10.1038/srep11251 patients demonstrating distant metastases and 90% having lymph node metastases 2 . Despite increased understanding of the molecular and clinical characteristics of GC 3 as well as numerous advances in screening and treatment strategies [4] [5] [6] [7] , the prognosis of GC is still poor. Therefore, many new research efforts have focused on early detection and intervention to increase the possibility of curable resections and thus prolong the survival of GC patients. In clinical practice, gastroscopic or surgical biopsy is used to diagnose GC. However, the approach is considered invasive and success may be limited by the experience of operators. Additionally, it is difficult to advocate for mass screening in susceptible populations because of the high cost of endoscopic procedures. Non-invasive markers such as carbohydrate antigen 19-9 (CA19-9) and carcinoembryonic antigen (CEA) have not adequately shown sufficient sensitivity and specificity to be of routine use in non-symptomatic patients 8 . Thus, novel and reliable biomarkers to diagnose GC for early intervention are urgently needed.
Recent research has demonstrated that circulating miRNAs that originate from tumors can be stably detected in peripheral blood and may aid in the detection and diagnosis of various types of cancer 9 . These findings have opened up the possibility of a new and promising era in the screening and monitoring of cancer patients. Specifically, many studies have explored the differential expression of circulating miRNAs in GC and identified some potential miRNA biomarkers for the detection 8, 10, 11 . Unfortunately, these results were not reproducible between laboratories, and these inconsistencies might be explained by differences in research methods and tested populations. At present, there is no consensus on suitable small RNA reference genes for clinical testing. MiR-16 was used as a reference gene in some studies 12, 13 . But the optimal way to normalize miRNA between body fluid samples (including those obtained from systemic circulation) is considered to be an absolute quantification procedure based on the spiked-in normalization method [14] [15] [16] .
In the current study, we performed plasma miRNA profiling through the quantitative reverse transcription polymerase chain reaction (qRT-PCR) based miRCURY platform 17 followed by validation of absolute quantification based on qRT-PCR, and the expression profile of selected miRNAs was then assessed in the GC tissue. Peripheral plasma miRNAs were also compared to those obtained from arterial plasma samples. Peripheral plasma exosomal miRNAs were further analyzed to investigate the potential form of the miRNAs in the circulation that could be useful in the detection of gastric cancer.
Results
Characteristics of subjects. A total of 242 subjects, including 133 GC patients and 109 normal controls (NCs), were enrolled in our study to assess the differently expressed miRNAs in the peripheral plasma of GC patients. As shown in Table 1 , the GC patients and NCs were divided into three stages: the training stage, the testing stage, and the external validation stage (The flow chart of the experiment was shown in Fig. 1 ). No significant difference in age or gender distribution was observed between patients and controls in any of the three cohorts (p-values > 0.05).
MiRNAs profiling from pooled plasma samples. Based on the qRT-PCR platform, the Exiqon miRCURY-Ready-to-Use-PCR-Human-panel-I + II-V1.M was utilized to analyze 168 miRNAs that are expressed in plasma/serum. This method was used to identify differently expressed miRNAs between 3 peripheral plasma pools from 30 GC cases and 1 pooled sample from 10 controls. Each miRNA was assayed twice on 384-well plates by qRT-PCR and the miRNAs with cycle threshold (Ct) value less than 37 and 5 lower than negative control (No Template Control, NTC) in the panel were included in data analysis. Among the 168 miRNAs analyzed, the expression of 33 miRNAs (29 up-regulated miRNAs and 4 down-regulated miRNAs; Supplementary Table S1 online) was altered with at least a 1.5-fold change in all 3 pooled GC samples compared to the NC pool sample. These miRNAs were chosen to further validation in the experiments outlined below.
Evaluation of miRNAs in peripheral plasma by qRT-PCR.
To obtain the absolute concentration of each miRNA identified through the screening phase in plasma of GC patients and NCs, the methods 18 based on the standard curve of synthetic miRNAs were performed. A total of 11 miRNAs showed differential expression in the training stage and were subjected to validation in the testing phase. In the larger cohort, 5 of 11 miRNAs (miR-185, miR-20a, miR-210, miR-25 and miR-92b) were consistent with those in the training stage (Table 2; the other miRNAs were shown in the Supplementary Table S2 and Table  S3 online). When the results of two stages were combined, miR-185, miR-20a, miR-210, miR-25 and miR92b were significantly up-regulated in peripheral plasma of GC patients compared with NCs (Fig. 2) .
Diagnostic value of miRNAs in peripheral plasma. To evaluate the diagnostic value of the five identified miRNAs in discriminating GC from NCs, the data from training and testing stage were combined to calculate the optimal cutoff values for miR-185, miR-20a, miR-210, miR-25 and miR-92b by using receiver operating characteristic (ROC) curves. Fig. 3a) . The optimal cutoff value was indicated at 3.21, which demonstrated a sensitivity of 0.65 and a specificity of 0.8. The diagnostic value of the five-miRNA signature was also explored in the two stages separately and led to AUC of 0.86 (95% CI: 0.76-0.96; Fig. 3b ) and 0.74 (95% CI: 0.66-0.82; Fig. 3c ) in the training and testing stage, respectively. The sensitivity and specificity was 0.89 and 0.73 in the training stage and 0.62 and 0.78 for the testing stage when 3.21 was used as the cutoff value.
The external cohort included 32 GC and 18 NCs that were additionally analyzed to further determine the diagnostic capacity of the five-miRNA signature for diagnosing GC. Compared to NCs, all five miRNAs were found to be up-regulated in plasma samples from GC patients (Supplementary Table S4 online). As shown in Fig. 3d , the signature could accurately discriminate GC patients from normal individuals with AUC of 0.87 (95% CI: 0.76-0.98). And the sensitivity and specificity of the five-miRNA signature was 0.82 and 0.86. The association of the five peripheral plasma miRNAs with clinical stage was also evaluated for all 133 GC patients. However, none of the five miRNAs showed significantly different expression in patients with stage III + IV compared to those with stage I + II. Furthermore, we also compared the levels of the five miRNAs in plasma from GC patients with metastasis to those without. Similarly, no significant difference of the five miRNAs was observed between the two cohorts (data not shown).
Identification of miRNAs in tissue samples. The expression levels of miRNAs identified were examined in an additional of thirty pairs of tissue samples to explore the association of the five miRNAs in peripheral plasma and tissue of GC patients. As shown in Fig. 4a , the expression of miR-185, miR-20a, miR-210, miR-25 and miR-92b was significantly higher in tumor than in normal tissues, and this correlation was consistent with results obtained from peripheral plasma. Fluorescence in situ hybridization (FISH) was conducted in an area containing at least 85% tumor in order to appropriately visualize the Table 2 . Expression levels of the five miRNAs in the peripheral plasma in the training and testing stages (presented as mean ± SD; fmol/L). FC: fold change.
expression of miR-185, miR-20a, miR-210, miR-25 and miR-92b in FFPE tissues of GC patients (Fig. 4b) , and these experiments provided consistent results concerning the miRNA levels that the five miRNAs were up-regulated in GC patients.
Comparison of miRNAs in peripheral and arterial plasma. To determine whether there was any difference in miRNA expression between peripheral and arterial plasma, the absolute concentration of miR-185, miR-20a, miR-210, miR-25 and miR-92b in another 38 GC arterial plasma samples was Table  S5 online). When compared the expression levels of the five miRNAs in arterial plasma from patients with different stages (4 with I, 10 with II, 20 with III and 4 with IV), all five miRNAs were found to be elevated but only miR-185 was significantly up-regulated in patients with stage III + IV compared to those with stage I + II (Fig. 5) .
Exploration of miRNAs in peripheral plasma exosomes. To investigate the potential form of the identified miRNAs in peripheral plasma of GC patients, exosomal miRNAs were examined in ten peripheral plasma samples from GC patients and compared to ten NC samples. None of the five miRNAs (miR-185, miR-20a, miR-210, miR-25 and miR-92b) from GC patients demonstrated a significantly miR-185, miR-20a, miR-210, miR-25 and miR-92b . The putative target genes of the miRNAs were identified by miRanda, miRDB, miRWalk, RNA22, and Targetscan. These programs were used for KEGG pathway analysis to investigate the pathways which were significantly 
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associated with the five identified miRNAs (Supplementary Table S7 online). Among the five miRNAs, miR-20a seemed to be much more related to pathological mechanisms of cancer such as by interacting with MAPK and mTOR signaling.
Discussion
In this study, we identified five miRNAs which were up-regulated in the peripheral plasma of GC patients compared to controls. The diagnostic role of circulating miRNAs in GC has been reported in some previous studies. In addition to population and sample diversity, differences in analytic methods may have also contributed to inconsistent results between studies. Compared to TaqMan platform that was used in the study of Zhu et al. 19 , we utilized Exiqon miRNA qPCR panels which appeared to show better sensitivity and linearity with measurements of miRNAs in relatively low abundance. This platform was used specifically in the screening phase to conduct peripheral plasma miRNA profiling 17 . In the following validation stages, the expression level of each miRNA in plasma of GC patients and NCs were identified by the method of absolute concentration analysis, which might present better information than the relative quantification methods that have been applied in most previous studies 14 . By the relative quantification method, Zhu 19 identified plasma miR-16 as a potential diagnostic marker for GC. However, miR-16 was usually used as a reference molecule in the circulation and could also be secreted from and influenced by haemolysis 12, 20, 21 . In the training and testing phases of our experiment, miR-185, miR-20a, miR-210, miR-25 and miR-92b were found to be significantly up-regulated in GC. The five-miRNA signature could accurately discriminate patients from normal individuals. However, some promising miRNAs demonstrated in previous studies 22, 23 (such as miR-21) was identified in the screening phase but was not applicable in the following stages of the experiment. The external validation stage further demonstrated the reliability of the diagnostic value of the five-miRNA signature. Of note, consistent miRNA expression in GC tissue samples suggested the important roles for these miRNAs in tumorigenesis and progression of the disease.
Among the five up-regulated miRNAs, miR-185 seemed to play a controversial role in the development and progression of GC, suggesting its conflicting function in GC 24, 25 . Unlike miR-185, circulating miR20a was reported to be a noninvasive biomarker of GC, and this finding was consistently demonstrated in three recent studies 8, 26, 27 . It was suggested that elevated level of circulating miR-20a could promote growth, migration and invasion of GC cells and enhance the chemoresistance of GC cells to cisplatin and docetaxel 28, 29 . As a member of the miR-17-92 cluster, miR-20a could also sustain the self-renewal function of GC stem cells and promote the proliferation of GC cells by targeting E2F transcription factor 1 (E2F1) 30 . Thus, miR-20a might serve as an oncogene in GC. MiR-210, as a typical hypoxia-related miRNA, was reportedly induced by a hypoxia inducible transcription factor (HIF) dependent mechanism 31, 32 . Recently, serum miR-210 was reported to be one of four serum miRNAs (miR-103, miR-107, miR-194 and miR-210) which could serve as biomarkers for the early detection of diffuse-type GC 33 . Meanwhile, based on The Cancer Genome Atlas (TCGA) data set, miR-210 was identified as a member of the pan-cancer oncogenic miRNA superfamily 34 . The mechanism of miR-210 in GC has not been explicitly reported, but it may promote growth and metastasis in various other cancer types, serving as a negative prognostic factor 35 . As for miR-25 and miR-92b, Zhu et al. 10 revealed that plasma miR-25 might be a potential biomarker in the detection of GC through relative quantification. Additionally, Omura et al. 36 reported that high miR-92b level could be used to predict relapse of GC after S-1 adjuvant chemotherapy. In our study, the five-miRNA signature was closely associated with a diagnosis of GC. Further research of these miRNAs in GC formation and development is warranted.
The diagnostic value of the circulating miRNAs identified in our study was also evaluated in some other cancers. Up-regulation of circulating miR-20a could be used to facilitate the diagnosis of nasopharyngeal carcinoma 37 as well as astrocytoma 38 . High level of circulating miR-210 was found in pancreatic ductal adenocarcinoma 39 , clear cell renal cell carcinoma 40 and adrenocortical tumors 41 . Elevated plasma miR-25 was identified as a diagnostic and monitoring biomarker in esophageal squamous cell carcinoma 42 . These suggested that the specificity of circulating miRNAs as diagnostic markers is worthy further study.
Circulating miRNAs were believed to be passively leaked or actively transported from cells during tumorigenesis and packaged into small membranous vesicles or protected by the formation of a protein-miRNA complex [43] [44] [45] . In the present study, we also assessed the expression of the five plasma miRNAs in the tissues by RT-PCR and FISH and found that all the five miRNAs were consistently up-regulated in the tissue samples of GC patients. The findings were consistent with and may verify the theory. As blood flows from arterial to venous circulation, we hypothesized that the expression level of circulating miRNAs secreted from tissues might be greater in the arterial plasma than those in the peripheral venous plasma. Interestingly, miR-20a, miR-210, and miR-92b were significantly up-regulated in the arterial circulation which might suggest that circulating miR-20a, miR-210, and miR-92b could be absorbed and transmitted to distant body sites and participate in biological processes (including tumorigenesis, metastasis and other pathways). The relatively stable concentration of miR-25 (shown in Supplementary Table S5 online) in the arterial and peripheral venous plasma could reflect a relative balance of absorption and secretion of this particular miRNA in the circulation. On the other hand, miR-185 demonstrated a significant reduction in arterial plasma than that in peripheral venous plasma. And arterial miR-185 was the only miRNA that was found to be significantly associated with TNM stage. The phenomenon was interesting, fascinating and difficult to explain. We assumed that circulating miR-185 released by tumor might stimulate the further secretion of miR-185 according to some mechanism. However, the exact mechanism is needed to be further studied in the future. We further explored exosomal miRNAs from peripheral venous plasma to identify the potential form of the five miRNAs in circulation. However, no difference of them in peripheral plasma exosomes between GC patients and NCs was found. A representative study to characterize the extracellular form of circulating miRNA complexes in human plasma and serum recently revealed that the majority of miRNAs were co-purified with the Ago2 ribonucleoprotein complex but a minority of specific miRNAs (such as miR-1979 and miR-940) associated predominantly with vesicles like exosomes. Their results showed that the four miRNAs in our study (miR-25, miR-20a, miR-185 and miR-210) were co-purified with the Ago2 ribonucleoprotein complex other than exosomes in plasma while the form of miR-92b was undefined in the circulation. Our findings indirectly validated their results.
In conclusion, we identified a five-miRNA signature in the plasma of GC patients which could serve as a non-invasive biomarker in the detection of GC, indicating its potential application of plasma miRNAs in the screening of GC patients to improve clinical outcomes.
Methods
Study design, patients and samples. A total of 133 histopathologically confirmed GC patients and 109 healthy donors were recruited at First Affiliated Hospital of Nanjing Medical University between 2011 and 2013. In the initial screening phase (Fig. 1) , 30 peripheral plasma samples from GC patients and 10 from NCs were randomly selected and pooled as 3 GC samples and 1 NC sample (10 samples were pooled as 1 pool sample). According to the manufacturer's protocol, total of 25 ng RNA extracted from each pooled sample was then reverse transcribed using the miRCURY Locked Nucleic Acid (LNA™) Universal Reverse Transcription (RT) microRNA PCR, Polyadenylation and cDNA synthesis kit (Exiqon miRNA qPCR panel, Vedbaek, Denmark) and was further subjected to Exiqon miRCURY-Ready-to-Use PCR-Human-panel-I + II-V1.M (Exiqon miRNA qPCR panel, Vedbaek, Denmark) which could detect 168 miRNAs in plasma/serum to identify differently expressed miRNAs on 7900HT real-time PCR system (Applied Biosystems, Foster City, CA, USA). Assays detected with 5 Ct's less than the negative control (No Template Control, NTC), and with Ct < 37 were included in the data analysis. An RNA spike-in (UniSp6) and a DNA spike-in (Sp3) were applied in the panel for quality controls to check if the technical performance of all samples is similar. All assays were inspected for appropriate melting curves and the melting temperature (Tm) was checked to be within known specifications. Normalization was performed based on the average of the normalizer assays in the panel which included miR-191-5p, miR-423-5p, miR-425-5p and miR-93-5p. And normalized Ct (Δ Ct) = average Ct (assay) -average Ct (normalizer assays). The relative expression between GC patients and NCs was assessed by 2 −ΔΔCt method. In the training stage, 30 GC samples and 30 NCs were used to confirm the miRNAs discovered through screening phase by qRT-PCR. In the testing phase, the miRNAs identified in the training stage were further validated in plasma samples of 71 GC patients and 61 NCs. An external cohort including 32 cases and 18 controls were analyzed to assess the diagnostic value of the five-miRNA signature in GC. An additional of thirty pairs of GC tissue specimens and matched normal tissues were obtained from surgery patients and used to verify the expression level of identified miRNAs. Arterial blood samples from another 38 GC patients were collected to compare the difference of miRNAs between peripheral and arterial plasma. And exosomal miRNAs from ten patients and NCs were further assessed to explore the potential form of the miRNAs in the peripheral plasma.
Blood samples of healthy controls and GC patients before initial treatment were collected by using ethylenediaminetetraacetic acid (EDTA)-containing tubes. Cell-free plasma was isolated from blood samples within 12 hours after collection using a two-step protocol (1,500 r.p.m. for 10 min, 12,000 r.p.m. for 2 min) to prevent contamination by cellular nucleic acids and then stored at − 80 °C until further processing. Tissue specimens were obtained from surgery patients and kept in liquid nitrogen.
The study was approved by Institutional Review Boards of the First Affiliated Hospital of Nanjing Medical University and informed consent was taken from each participant. And the study was carried out in accordance with the approved guidelines by the Hospital Ethics Committee.
Isolation of Exosomes.
Exosomes were extracted from peripheral plasma using ExoQuick Exosome Precipitation Solution (System Biosciences, Mountain View, Calif) according to the manufacturer's instructions. Precipitated from 100 μ l ExoQuick exosome precipitation solutions and 400 μ l plasma, exosome pellets were lysed in 200 μ l RNase-free water for further analysis.
RNA extraction. Total RNA from 200 μ l plasma or exosomes was extracted using the mirVana PARIS Kit (Ambion, Austin, TX, USA) according to the protocol. For normalization of the sample-to-sample variation, 5 μ l of synthetic C.elegans miR-39 (5 nM/L, RiboBio, Guangzhou, China) was added to each sample after the addition of denaturing solution (Ambion, Austin, TX, USA). For tissue samples, total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA was eluted in 100 μ l of RNase-free water and stored at − 80 °C until analysis. The concentration and purity of the total RNA was evaluated by using the ultraviolet spectrophotometer. For plasma samples, total RNA with concentration < 10 ng/ul was not included in the analysis. And the mean and standard deviation of concentration of plasma RNA was 31.23 ± 12.36 ng/ul (range: 15.73~48.62 ng/ul). Thus, no carrier molecule was added during RNA isolation.
Quantitative reverse transcription polymerase chain reaction (qRT-PCR).
The specific primers of reverse transcription (RT) and polymerase chain reaction (PCR) from Bulge-Loop ™ miRNA qRT-PCR Primer Set (RiboBio, Guangzhou, China) were applied to amplify miRNAs. The amount of PCR product was detected by evaluating the level of fluorescence emitted by SYBR Green (SYBR ® Premix Ex Taq ™ II, TaKaRa, Dalian, China). RT and PCR were performed as previously described 18, 46 . RT reactions were performed at 42 °C for 60 min followed by 70 °C for 10 min. The qRT-PCR was conducted on 7900HT real-time PCR system (Applied Biosystems, Foster City, CA, USA) at 95 °C for 20 sec, followed by 40 cycles of 95 °C for 10 sec, 60 °C for 20 sec and then 70 °C for 10 sec. The melting analysis was added finally to evaluate the specificity of PCR products.
The amount of miRNA in plasma samples was calculated based on a standard curve constructed with the use of synthetic miRNAs (micrON miRNA mimic, RiboBio, Guangzhou, China) 18 . The expression of miRNAs from tissue samples and exosomes was determined using the 2 −ΔΔCt method relative to RNU6B (U6) and cel-miR-39 47 .
Fluorescence in situ hybridization (FISH). Antisense LNA-modified oligodeoxynucleotide probes were purchased from RiboBio (Guangzhou, China). Ten tissue specimens of GC and matched normal tissues were fixed in 10% neutral buffered formalin for 24 hours and passed through dehydration, clearing, and paraffin-embedding steps. Approximately 5 μ m thick sections from tissue blocks were de-paraffinized, washed, air-dried, and subjected to antigen retrieval in 0.1 mmol/L of citric acid. Subsequently, slides were rinsed, washed and subjected to a pre-hybridization procedure (3% bovine serum albumin (BSA) in 4 × saline sodium citrate (SSC), 25 °C for 20 min) to block nonspecific binding of probes and minimize background signals. Hybridizations were then performed in hybridization buffer (10% dextran sulfate in 4 × SSC, 6000 μ g/ml miRNA probe) in dark at 25 °C for 60 min. Slides were then washed in 2 × SSC with 0.5% Tween-20 three times for 5 min respectively at room temperature and immersed in phosphate buffered saline (PBS) solution followed by nuclear staining with 4' ,6-diamidino-2-phenylindole (DAPI). Hybridizations were observed with WIB filters under fluorescence microscope Olympus AX-70.
Statistical analysis.
Mann-Whitney test was used to compare the difference of miRNA concentration in different groups. Demographic and clinical characteristics among groups and their relationship with miRNA were compared using one-way ANOVA or χ 2 test. A formula for calculating risk score of miRNA for GC was developed 8 . The score (S) of each miRNA was set as 1 if the expression level of the miRNA was greater than the optimal cutoff value of corresponding miRNA level in controls, otherwise as 0. The risk score function (RSF) for patient i was calculated by:
